Single-molecule magnets of the type V15(K6[V15As6O42(H2O)] 8H2O) have attracted a great deal of atten tion recently, being promising systems for studying low-temperature spin-relaxation and quantum-spin tunnel ing. To understand in detail the internal magnetic and electronic structure, and the intramolecular interactions responsible for the formation and low-energy excitations in V15 molecules, we have performed electronic structure calculations using the LSDA+U approach. The calculated values of magnetic moments and charge states of vanadium ions agree well with experiments, thus confirming the V4+ state of vanadium ions with a well-defined spin 1/2. We found that the account of the on-site Coulomb repulsion is important for correct description of V15 internal properties; in particular, for the values of the on-site repulsion parameter U ~ 4-5 eV, we can achieve good agreement with known properties of V15, such as the temperature dependence of susceptibility, and the energies of the low-lying eigenstates of the spin Hamiltonian.
In contrast with many other molecular ferrimagnets (such as Mn12 or Fe8), V 15 is a molecular antiferromagnet with small uncompensated total spin 1/2, and ex hibits weak anisotropy. It presents unusual features, such as "butterflylike" hysteresis loops,9 and, as theoretical estimates show,10 might demonstrate rather long decoherence time. In order to investigate complex collective phenomena observed in V 15 crystals, it is necessary to understand in detail the internal electronic and magnetic properties o f a single V 15 molecule, and to use the knowledge gained as a basis for further research (e.g., for developing accurate models o f lowenergy excitations in V 15 molecules). In this work, which constitutes an important step toward such understanding, we present a study o f the internal electronic structure, magnetic ordering, and the intramolecular magnetic exchange interac tions between the spins o f vanadium atoms in V 15 molecules.
Recently, ab initio electronic structure calculations using GGA (generalized gradient approximation) technique have been performed and have provided important information about the intramolecular structure o f V 15.11,12 However, the GGA technique neglects the electronic correlations caused by the Coulomb repulsion. In many metal-oxide crystals,13-16 the account o f this interaction is important for a correct de scription of their properties, which might be also the case for molecular magnets. In particular, the intramolecular ex- PHYSICAL REVIEW B 70, 054417 (2004) 
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I. STRUCTURE OF THE MOLECULE AND THE METHOD OF CALCULATIONS
The overall structure o f the V 15 anion is quasispherical, with three sets o f nonequivalent vanadium centers V1, V2, and V3. V1 and V2 belong to two nonplanar hexagons sepa rated by a triangle of V3 centers forming the "layer struc ture" (Fig. 1) . To make the calculations feasible and reason ably precise, we have followed standard practice,18,19 excluding from consideration the crystal water molecules, but retaining the complete polyoxovanadate part o f the V 15 molecule.
The V 15 molecules are arranged in a crystal. The ionic lattice o f the crystalline V 15 compound is modeled using pe riodic boundary conditions. For our calculations we repro duce the solid-state lattice o f K6[V 15As6O42(H2O)] 8H2O using the crystallographic asymmetric unit (the irreproducible part) o f the V 15 polyoxovanadate cluster unit and apply ing all symmetry operations o f the compound's space group (R-3c). This procedure allows us to use the standard codes developed earlier for studying simpler crystalline solids. On the other hand, due to negligibly small overlap between the electron orbitals o f different molecules in a crystal, the inter pretation in terms o f single-molecule properties remains valid.
To calculate the internal electronic and magnetic structure o f V 15, we use the ASA-LMTO (Atomic Sphere Approximation-Linear Muffin-Tin Orbitals) LSDA+U method.13 This method has been successfully applied before18 for the molecular magnet Mn12, producing good agreement with experimental data. Therefore, we expect that LSD A +U approach might also be useful in the case o f V 15. For our calculations we used the Stuttgart TB-47 code.17 The method we use is known to work very well for closely packed structures, while for more loose packing there is an ambiguity in choosing the atomic radii. Nevertheless, it ap pears that the structure of V 15 is sufficiently closely packed, and there is not much room for varying the atomic radii (e.g., the radius o f V atoms RV can be varied from 1.1 Â to 1.6 Â, which is reasonable interval for RV). Our calculations for different values o f the atomic radii show that these variations leave the results practically unchanged. All the results pre sented below are obtained for RV= 1.27 Â and RO = 1.05 Â, RAs= 1.31 Â, Rk =2.21 Â, where the latter three symbols de note the radii o f oxygens, arsenics, and potassiums, respec tively. These values give the overlap between atomic spheres close to 16 %, which is a standard value for the ASA-LMTO method. Furthermore, we used 184 empty spheres in order to fill the space between neighboring V 15 molecules in the crys tal. When choosing the locations and the radii o f the empty spheres, we tried to minimize an overlap between empty spheres and atomic spheres. Actually, the choice of empty spheres is not very important for molecular magnets because a few layers o f empty spheres separate neighboring mol ecules, and there are no connections of the type "atomic sphere -empty sphere -atomic sphere." Due to large dis tance, the overlap o f electronic orbitals between different molecules is negligible, and our calculations show that the location and radii o f the empty spheres do not play an im portant role.
Another issue is the number o f k-points used for integra tion over the irreducible part o f the Brillouin zone. In our calculations, we use the following procedure. As a first step, we perform a self-consistent calculation for one k-point, which gives us a good starting point for further calculation with larger number o f k -points and ensures good stability of numerical calculation. As a second step, we make a calcula tion with minimal division o f the Brillouin zone, i.e., with two k-points in every direction; for V 15, this gives us eight k-points in total, and six k-points in the irreducible part o f the Brillouin zone. After that, we make calculations with larger number of k-points. However, we consistently find that the significant increase in the number of k-points ( Table I, the spectra are qualitatively different. The LD A +U exchange parameters give an almost continuous spectrum, which starts at about 600 K, with the highest energy level at about 5500 K. The LSDA exchanges result in a spectrum with welldefined bands o f excitations, which starts at more than 1000 K, with the highest energy level at about 7200 K. The "banded" spectrum resulting from the LSDA exchange pa rameters leads to noticeable discrepancies between theoreti cal and experimental j ( T) curves at temperatures higher than 150 K (see Fig. 2 
FIG. 3. Dependence of the 2p oxygen (dashed lines) and 3d vanadium (solid lines) DOS on the Coulomb repulsion parameter
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